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[57] ABSTRACT 
A linear voltage-current converter circuit having a 
simpli?ed circuit structure and operable over a wide 
voltage range is disclosed. The circuit comprises a ?rst 
transistor having a drain connected to a power voltage 
through a ?rst load element, a second and a third tran 
sistor having drains connected to the power voltage 
through a second load element, means for supplying 
gates of the ?rst and second transistor with voltage 
signal, means responsive to a voltage difference at 
drains of the ?rst and second transistors for controlling 
a gate voltage of the third transistor so as to reduce the 
voltage difference to zero, an output transistor, and 
means for supplying a gate of the output transistor with 
the same voltage as the gate voltage of the third transis 
tor. 

8 Claims, 14 Drawing Figures 
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VOLTAGE CURRENT CONVERTER CIRCUIT 

BACKGROUND OF THE INVENTION 

The present invention relates to a transistor circuit 
employing insulated gate ?eld effect transistors, and 
more particularly to a voltage-current converter cir 
cuit. 

Insulated gate ?eld effect transistors (hereinafter ab 
breviated as IGFET’s) have been widely used. Among 
their principal application, there exists a current source 
for supplying or absorbing a predetermined value of 
current. Such current sources are utilized, for example, 
as a constant current source for a differential ampli?er 
or a current source for effecting charge or discharge of 
a time constant circuit. In accordance with improve 
ments in circuit techniques in recent years, a capability 
of controlling a current value has been desired for a 
current source. In addition, due to the fact that power 
supply voltages have become low-voltage, stabilization 
of an operation at a low voltage and operations over a 
wide voltage range have been required. 
As is well-known, a source-drain current of an 

IGFET would not vary linearly as a fuction of a gate 
source voltage. More particularly, representing a gate 
source voltage by VGS, a drain-source current by 193, a 
threshold voltage by VT and a current ampli?cation 
factor by B, when the drain-source voltage VDS ful?ls 
the condition of VDS>VGS—VT, the following relation 
is established: ‘ 

IDs=?(VGs— VT)2 (1) 
and therefore, the drain-source current IDS has a square 
(the second powered) characteristic with respect to the 
gate-source voltage VGS. In various applications, this 
becomes great obstruction in the case where an IGFET 
is used in a linear circuit for which a linear relation 
beween a voltage and a current is required. 
However, even with IGFET’s having such a charac 

teristic, it is possible to contrive to obtain a linear rela 
tion between a voltage and a current. Now it is assumed 
that two IGFET’s having respective threshold voltages 
V71 and V7; and an identical current ampli?cation fac 
tor B are prepared and a common voltage VGS is ap 
plied between their gates and sources. Then, the respec 
tive drain-source currents 1951 and Ipsz are represented 
by the following equations, similarly to Equation-(l) 
above: I ' 

IDs2=B(VGs— V72)2 (3) 

At this moment, the respective drain-source voltages 
VDSl and VDsz ful?l the relations of VGSI>VGS—VT1 and 
VDsz>VGS-V72. Considering now the difference be 
tween these currents ?owing through the respective 
IGFET’s, from Equations-(2) and -(3) above it can be 
seen that the following relation is established. 

IDS1—1DS2=2BVG.S(V72— Vrl')+ Vnz— V722 (4) 

In other words, the difference current between the 
drain-source currents of the two IGFET’s has a linear 
relationship to the common gate-source voltage VGS. 
Accordingly, if provision is made such that when the 
same gate-source voltage is applied to two IGFET’s 
having different threshold voltages and the same cur 
rent ampli?cation factor, the difference current be 
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tween the drain-source currents of the respective IG 
FET’s can be detected. Thus, even in a circuit con 
structed of IGFET’s it is possible to realize a linear 
voltage-current characteristic. 
Although a sum of currents ?owing through two 

IGFET’s, respectively, can be obtained simply by con 
necting the IGFET’s in parallel, a simple method for 
obtaining a difference between two currents has not 
been known. - 

SUMMARY OF THE INVENTION 

It is one object of the present invention to provide a 
current source circuit which can output a current hav 
ing a controllable current value. 
Another object of the present invention is to provide 

a linear voltage-current converter circuit. 
Still another object of the present invention is to 

provide a current source circuit having a wide range of 
operation voltage. 
Yet another object of the present invention is to pro 

vide a circuit in which a difference current between 
currents ?owing through two IGFET’s can be obtained 
in a relatively simple manner. 
According to one feature of the present invention, 

there is provided a linear voltage-current converter 
circuit comprising a ?rst load element having one end 
connected to a ?rst voltage source; a ?rst IGFET hav 
ing a drain electrode connected to the other end of said 
?rst load element, a source electrode connected to a 
second voltage source and a gate electrode connected 
to a ?rst input terminal; a second load element having 
one end connected to said ?rst voltage source; a second 
IGFET having a drain electrode connected to the other 
end of said second load element, a source electrode 
connected to said second voltage source and a gate 
electrode connected to a second input terminal; a third 
IGFET having a drain electrode connected to the drain 
electrode of said second IGFET and a source electrode 
connected to the source electrode of said second IG 
FET; a fourth IGFET having a drain electrode con 
nected to an output terminal, a gate electrode connected 
to the gate electrode of said third IGFET and a source 

‘ electrode connected to said second voltage source, and 
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a differential ampli?er having an inverted input termi 
nal connected to the junction between said ?rst load 
element and the drain electrode of said ?rst IGFET, an 
uninverted input terminal connected to the junction 
between said second load element and the drain elec 
trode of said second IGFET and an output terminal 
connected to the gate electrode of said third IGFET 
and the gate electrode of said fourth IGFET; said first 
and second input terminals being supplied with input 
voltages such that when said third IGFET is removed, 
the current ?owing through said ?rst load element may 
become larger than the current ?owing through said 
second load element. 
According to another feature of the present inven 

tion, there is provided a differential ampli?er compris 
ing a ?rst IGFET having a drain electrode connected to 
a ?rst voltage source, a gate electrode connected to a 
control terminal and a source electrode connected to a 
?rst output terminal; a second IGFET having a drain 
electrode connected to said ?rst voltage source, a gate 
electrode connected to said control terminal and a 
source electrode connected to a second output terminal; 
a third IGFET having a drain electrode connected to 
said ?rst output terminal, a gate electrode connected to 
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a ?rst input terminal and a source electrode connected 
to a second voltage source; a fourth IGFET having a 
drain connected to said second output terminal, a gate 

- electrode connected to a second input terminal and a 
. source electrode connected to said second voltage 
source; and means for inversely amplifying a sum of a 
voltage variation on said ?rst output terminal and a 
voltage variation on said second output terminal and 
applying the ampli?ed signal to said control terminal. 

In the linear voltage-current converter circuit ac 
cording to the present invention, a current proportional 
to an input voltage can be obtained over a wide range of 
input voltage. By employing such a linear voltage-cur 
rent converter circuit as a current source for charging 
or discharging a capacitor in a time constant circuitry of 
an oscillator, it is possible to realize a variable frequency 
oscillator. - 

The linear voltage-current converter circuit accord 
ing to the present invention can be also utilized effec 
tively in an analog-digital converter for converting an 
analog input voltage to an analog input current propor 
tional to the input voltage, or on the contrary, in a 
digital-analog converter for converting an analog out 
put voltage to an analog output current proportional to 
the output voltage. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above-mentioned and other features and objects 
of the present invention will become more apparent 
with reference to the following description of preferred 
embodiments of the invention taken in conjunction with 
the accompanying drawings, wherein: 
FIG. 1 is a circuit diagram showing one preferred 

embodiment of the present invention, 
FIG. 2 is a circuit diagram showing another preferred 

embodiment of the present invention, 
FIG. 3 is a diagram showing an input-output charac 

teristic of the preferred embodiment shown in FIG. 2, 
FIG. 4 is a circuit diagram showing one example of 

an ampli?er employed in the preferred embodiment 
illustrated in FIG. 1 or 2. 
FIG. 5 is a circuit diagram showing still another 

preferred embodiment of the present invention, 
FIG. 6 is a circuit diagram showing yet another pre 

ferred embodiment of the present invention, 
FIG. 7 is a circuit diagram illustrating one practical 

example of the preferred embodiment shown in FIG. 6, 
FIG. 8 is a circuit diagram showing a ?rst example of 

an application of the present invention, 
FIG. 9 is a diagram showing an input-output charac 

teristic of a Schmitt trigger circuit in FIG. 8, 
FIG. 10 is a circuit diagram showing a second exam 

ple of application of the present invention, 
FIG. 11 is a circuit diagram illustrating one practical 

example of an oscillator circuit in FIG. 10. 
FIG. 12 is a circuit diagram showing a differential 

ampli?er circuit in the prior art, 
FIG. 13 is a circuit diagram showing a differential 

ampli?er circuit according to the present invention, and 
FIG. 14 is a circuit diagram illustrating one practical 

example of the differential ampli?er circuit in FIG. 13; 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Now one preferred embodiment of the present inven 
tion will be described with reference to FIG. 1. While 
the description will, be made, assuming that the IG 
FET’s used in the preferred embodiment are N-channel 
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4 
type MOSFET’s for convenience of explanation, the 
present invention should not be limited to such type of 
IGFET’s, but the invention could be practiced basically 
in the same manner even with P-channel type MOS 
FET’s. 

In the preferred embodiment shown in FIG. 1, while 
depletion type MOSFET’s Q5 and Q6 having their re 
spective gate electrode and source electrode connected 
together are used as ?rst and second load elements, 
respectively, the present invention should not be limited 
to the use of such load elements. The voltage-current 
characteristics of the ?rst load element Q5 and the sec 
ond load element Q6 are selected to be identical. A ?rst 
MOSFET Q1 and a second MOSFET Q2 have their 
gate electrodes connected to input terminals 8 and 9, 
respectively. The characteristics of the ?rst MOSFET 
Q1 and the second MOSFET Q; are selected such that 
under the condition‘where a third MOSFET Q3 is re 
moved, in the input voltage range for which this circuit 
must operate, the current ?owing from a ?rst voltage 
source 14 through the MOSFET’s Q5 and Q1 to ground 
which forms a second voltage source may become 
larger than the current ?owing from the ?rst voltage 
source 14 through the MOSFET’s Q6 and Q2 to ground. 
This means that under the above-mentioned condition 
the voltage V11 at a point 11 is lower than the voltage 
V12 at a point 12. A differential ampli?er 7 should pref 
erably have a gain of in?nity in the ideal case, and it is 
connected in such polarity that when the voltage V11 is 
lower than the voltage V12, the voltage at a point 13 is 
made more positive. When the voltage V11 at the point 
11 is lower than voltage V12 at the point 12, the voltage 
difference is ampli?ed by the differential ampli?er 7 to 
make the voltage at the point 13 more positive, resulting 
in increase of the drain-source current of the MOSFET 
Q3, and thereby the voltage V12 is lowered. On the 
contrary, when the voltage V11 is higher than the volt— 
age V12, the voltage V13 is lowered, so that the drain 
source current of the MOSFET Q3 decreases, and 
thereby the voltage V12 is raised. In this way, the volt 
ages V11 and V12 are equalized by negative feedback. 
Since the current-voltage characteristics of the load 
elements Q5 and Q; are identical, under the condition 
where the voltages V11 and V12 are equal to each other, 
the values of the currents ?owing through the respec 
tive load elements are equal to each other. Accordingly. 
if the currents ?owing through the drain-source paths 
of the MOSFET’s Q1, Q2 and Q3 are represented by I1, 
I; and 13, respectively, the relation of: 

is established, and consequently, the current I3 becomes 
equal to the difference between the currents I1 and 1;. 
Since the threshold values of the MOSFET Q3 and a 
fourth MOSFET Q4 are identical, so long as the volt 
ages V12, V13 and Vmat the points 12, 13 and 10, respec 
tively, ful?l the relations of V12>V13—VT and 
V10>V13—VT, where VT represents the threshold val 
ues of the MOSFET Q3 and MOSFET Q4, the current 
?owing through the drain-source path of the MOSFET 
Q3 and the current ?owing through the drain-source 
path of the MOSFET Q4 are proportional to each other. 
In other words, in the illustrated circuit, an output cur 
rent proportional to a difference between the drain 
source current of the MOSFET Q1 and the drain-source 

' current of the MOSFET Q; can be derived from the 
output terminal 10. Furthermore, if the current ampli? 
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cation factors of the MOSFET’s Q3 and Q4 are adjusted 
to be equal to each other, then it is also possible to 
obtain an output current equal to the difference current. 
Although the ground was used as the second voltage 
source in the above-described embodiment, the second 
voltage source should not be limited to such voltage 
source. 

Now another preferred embodiment of the present 
invention will be described with reference to FIG. 2. In 
this embodiment, enhancement type MOSFET’s Q5’ 
and Q6’ having their gates and drains connected in com 
mon to a voltage source VDD are used as load elements, 
and an. input voltage V,-,, is applied to input terminals 8 
and 9 in common. . 

In FIG. 2, it is assumed that the voltage of the ?rst 
voltage source (V DD) is 10V and the second voltage 
source is the ground. It is also assumed that all the 
MOSFET’s are of N-channel type, a threshold voltage 
V71 of a MOSFET‘Q1 is 0.5 V and threshold voltages of 
MOSFET’s Q2, Q3, Q4, Q5’ and Q6’ are 1.0 V. Current 
ampli?cation factors B of the MOSFET’s Q1 and Q; are 
selected to be equal to each other. To this end, in the 
case where mobilities of electrons in the channels of the 
respective MOSFET’s are equal to each other, it is only 
necessary to select channel width W and channel length 
L, respectively, to be equal to each other. However, in 
the case where the threshold voltages VTof the respec 
tive MOSFET’s are made different by a known tech 
nique of ion implantation into the respective channel 
regions then the electron mobilities are also different 
between the respective MOSFET’s, and hence, their 
respective W/ L ratios are made different by the corre 
sponding amount. The value of the ratio of mobilities is 
typically 70—l00%, and by way of example, assuming 
that the electron mobility in‘ the MOSFET Q1 is equal to 
90% of the electron mobility in the MOSFET Q2, then 
it is only necessary to select the channel width W of the 
MOSFET Q; to be 0.9 times as small as the channel 
width W of the MOSFET Q1. By way of example, the 
current ampli?cation factors B of the MOSFET’s Q5’ 
and Q6’ are selected to be equal to g of that of the MOS 
FET Q2. To that end, it is only necessary, for example, 
to design the channel widths W of the MOSFET’s Q5’ 
and Q6’ to be 0.5 times as small as the channel width W 
of the MOSFET Q2 and to design the channel length L 
of the MOSFET’s Q5’ and Q6’ to that of be equal to that 
of the MOSFET Q2. The current ampli?cation factors 
B of the MOSFET’s Q3 and Q4 could be selected arbi 
trarily, and by way of example, they could be selected 
to both be equal to the current ampli?cation factor B of 
the MOSFET Q2. To that end, it is only necessary to 
design the channel widths W and channel lengths L of 
the MOSFET’s Q3 and Q4 to be equal to those of the 
MOSFET Q2. 
The relation between the input voltage Vi,z and the 

output current Io“; in the above-described circuit ar 
rangement is illustrated in FIG. 3. It is to be noted that 
the output current I0“, is represented as normalized with 
respect to the current ampli?cation factor B, of the 
MOSFET Q1. In FIG. 3 is also indicated a current I, 
?owing through the MOSFET Q1. As seen from FIG. 
3, while the current I1 ?owing through the MOSFET 
Q1 has a large non-linearity, the current Io“; derived at 
the output is linear in the input voltage range of l V to 
V1, which is equal to about 4 V. 

In this circuit arrangement, the lower limit of the 
input voltage V,-,, is the voltage which makes the MOS 
FET Q2 cut off, that is, the threshold voltage V12, 

5 

6 
which is equal to 1.0 V in ‘the assumed case. On the 
other hand, the upper limit of the input voltage V,-,, is 
the input voltage V,-,,1 at the moment when the voltage 
V11 at the point 11 becomes lower than V,',,—V7-1 and 
hence the MOSFET Q1 goes out of the saturated re 
gion, and accordingly, the threshold voltage VHQS') 
must satisfy the relation of V1,,1>V7(Q5'). This is always 
possible by increasing the current ampli?cation factor B 
of the MOSFET Q5’ to_a necessary extent. Therefore, 
under the ideal condition that the MOSFET’s Q1 and 

' Q2 have perfect square characteristics, the current am 
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pli?cation factors B of. the MOSFET’s Q1 and Q; are 
perfectly identical to each other and the gain A of the 
differential ampli?er is in?nite, a perfectly linear output 
current can be obtained with respect to an input voltage 
V,-,, which falls in the range of V71<V;n<V,-,,1. In prac 
tice, however, such an ideal condition is impossible to 
be realized. Hence, a certain deviation from the per 
fectly linear relationship ‘is necessary. 
Among the above-described requirements, it is not so 

dif?cult in such an integrated circuit to make the char 
acteristics of the MOSFET’s Q5’ and Q6’ coincide with 
each other to a practically unobjectionable extent be 
cause the con?gurations of the MOSFET’s Q5’ and Q6’ 
could be made identical. In addition, with respect to the 
deviation of the characteristics of the MOSFET’s Q1 
and Q2 from the square characteristics, also their char 
acteristics can be approximated to the square character 
istics to a practically unobjectionable extent by elongat 
ing the channel lengths to a certain extent. In view of 
the above-mentioned facts, the remaining two require 
ments serve as factors of principally limiting the linear 
characteristics. With regard to the current amplification 
factors B of the MOSFET’s Q1 and Q2, while they can 
be closely approximated by designing the con?gura 
tions of the respective MOSFET’s to be identical, in the 
case where more precise coincidence is desired to be 
realized, it can be realized by preliminarily seeking for a 
difference in electron mobilities due to a difference in 
the amount of ion implantation and determining con?g 
uration ratios while taking this difference into account. 
With regard to the requirement for the gain of the dif 
ferential amplfier, representing the gain of the ampli?er 
by A and the ratios of channel width/channel length of 
the MOSFET’s Q3 and Q6 by S3 and S6, respectively, 
the following equation is ful?lled: 

Current Deviation _ 1 
Output Current S3 

1 + 5 A 

Since the relation of (S2/S6)>2 is normally satis?ed, it 
can be seen from the equation that a good linearity 
having a current deviation ratio of 1% is obtained with 
a gain A of about 50. 
A differential ampli?er having a gain or a degree of 

ampli?cation of about 50 can be realized by a simple 
circuit as illustrated in FIG. 4. In this ?gure, a gate 
electrode of a MOSFET Q11 serves as an uninverted 
input terminal, while a gate electrode of MOSFET Q12 
serves as an inverted input terminal, and a point 13 
serves as an output terminal. Only MOSFET’s Q13 and 
Q14 are depletion type MOSFET’s, and the other MOS 
FET’s Q11, Q12, Q15, Q16 and Q17 are enhancement type 
MOSFET’s. The MOSFET’s Q15'and Q17 are applied 
with a bias voltage V13 at their gates to serve as current 
sources. 
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Now additional preferred embodiments of the present 
invention will be described with reference to FIGS. 5 
and 6. 

In the preferred embodiment illustrated in FIG. 5, 
load elements 51 and 52 have constructions similar to 

I the MOSFET’s Q5 and Q6 in FIG. 1 or similar to the 
MOSFET’s Q5’ and Q6’ in FIG. 2. MOSFET’s Q51, Q52 
and Q53 have the functions equivalent to those of the 

. MOSFET’s Q1, Q2 and Q3, respectively, in FIG. 1. In 
this preferred embodiment, there are provided MOS 
FET’s Q54__ 1, Q54_2, . . . Q54_n for deriving a plurality 
of output currents 1M1, 1M2, . . . Ia,“ n. In this instance, 
it is possible to differently preset the coef?cients of 
variations of the respective output currents 1M1, 1mg, 
. . . , lam ,, with respect to the input voltage by varying 
the ratio of channel width/channel length of the respec 
tive MOSFET’s Q54_1, Q54_2, . . . , Q54._n. The circuit 
according to this preferred embodiment can be effec 
tively utilized, for example, as a plurality of weighted 
current sources for feeding a D/A converter or an A/D 
converter, by respectively weighting the current values 
of the currents ?owing through the MOSFET’s Q54_ 1, 
Qs4~2, - - - Q54-n: respectively 

In the preferred embodiment illustrated in FIG. 6, 
control of gate voltages of enhancement type MOS 
FET’s Q65 and Q66 serving as load elements is effected 
by means of an output of an ampli?er 68 which gener 
ates an inverted output proportional to a sum of volt 
ages at points 11 and 12. In other words, this preferred 
embodiment employs active loads as load elements, and 
in this embodiment a sum of voltages at drain electrodes 
of input MOSFET’s Q61 and Q62 is negatively fed back 
to the gate electrodes of the MOSFET’s Q65 and Q65 
which serve as the active loads. In the embodiment 
lacking such negative feedback as shown in FIG. 1 or 2, 
as the input voltage approaches the voltage VDD of the 
?rst voltage source, the voltages at the drain electrodes 
of the input MOSFET’s will change in the direction for 
approaching the voltage V55 of the second voltage 
source, and eventually the input MOSFET Q1 goes out 
of the saturation region, so that it cannot achieve the 
desired operation. This phenomenon restricts the input 
voltage range of the circuit shown in FIG. 1 or 2. How 
ever, if negative feedback is effected as shown in FIG. 
6, the voltage changes at the drain electrodes of the 
input MOSFET’s Q61 and Q62 can be suppressed to 
small changes, and hence the input voltage range can be 
expanded. 
One example of a practical circuit arrangement ac 

cording to the above-described embodiment is illus 
trated in FIG. 7. In this circuit arrangement, MOS 
FET’s Q72 and Q73 are transistors having the same con 
?guration and the same threshold voltage, and a parallel 
combined output of these two MOSFET’s controls an 
output of a ratio circuit consisting of a load element 71 
and a MOSFET Q74. 
Now description will be made with regard to exam 

ples of application of the circuit according to the pres 
ent invention. In an oscillator circuit, wherein an oscil 
lation period is determined approximately in proportion 
to a time required for charging or discharging a capaci 
tor up to a predetermined voltage by means of a current 
source, by employing the circuit according to the pres 
ent invention as the current source for charging or 
discharging the capacitor, one can construct an oscilla 
tor circuit in which an oscillation frequency varies in a 
linear relationship with respect to an input voltage. 
Such an oscillator circuit is essentially necessary for, 
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' tion a difference between currents ?owing through two ’ 

forming a phase-locked loop (PLL). One example of a 
circuit arrangement of such an oscillator is illustrated in 
FIG. 8. In this ?gure, a MOSFET Q4 is an output tran 
sistor of a circuit 100 according to the present inven 
tion, and a MOSFET Q92 is a transistor having a suffi 
ciently large current ampli?cation factor as compared 
to that of the MOSFET Q4. A Schmitt trigger circuit 14 
has an input point 15 and an output point 16. A capaci 
tor 13 has one end connected to the input point 15 and 
the other end end connected to an arbitrary ?xed volt 
age point. The input-output characteristic of the 
Schmitt trigger circuit 14 are illustrated in FIG. 9. It is 
to be noted that in this ?gure the change of the input 
voltage V,-,. in the rightward direction along the abscissa 
and the change of the output voltage V0," in the upward 
direction along the ordinate represent voltage changes 
in the same direction. Assuming now that the relations 
of V2>V1 and V4>V3 are satis?ed for convenience of 
explanation, as the input voltage V1,, is successively 
increased starting from a voltage lower than the voltage 
V], at the moment when the input voltage V1,, has 
reached the voltage V2, the output voltage Va,“ changes 
from the voltage V4 to the voltage V3, whereas when 
the input voltage Vin is successively decreased starting 
from a voltage higher than the voltage V2, at the mo— 
ment when it has reached the voltage V1, the output 
voltage Va,“ changes from the voltage V3 to the voltage 
V4. ' 

In. FIG. 8, it is assumed that under the condition 
where the output voltage Va,“ is equal to V4, the MOS 
FET Qsz changes the capacitor 13 to bring the input 
voltage V,-,, up to a ?xed voltage V5 that is higher than 
V1 and thereby change the output voltage V0," to V3, 
‘whereas under the condition where the output voltage 
Va,” is equal to V3, the MOSFET Q53 is in a cut-off 
condition, while the MOSFET Q4 in the circuit 100 of 
the present invention discharges the capacitor 13, sov 
that the input voltage V,-,l is gradually lowered and 
eventually it reaches V1, when the output voltage V0,“ 
is again raised to V4. If the current ampli?cation factor 
of the MOSFET Q32 is so high that the time required 
for the MOSFET Q82 to change the capacitor 13 and 
bring the input voltage Vin to V5 when the output volt 
age V0,‘; is V4 is suf?ciently shorter than the time re 
quired for the MOSFET Q4 to discharge the capacitor 
13 and bring the input voltage V,-,, to V1 when the out 
put voltage V0,‘, is V3, then the oscillation period of this 
oscillator circuit is approximately equal to the time , 
required for the current generated at the drain electrode 
of the MOSFET Q4 as an output current according to 
the present invention to discharge the capacitor 13 and 
change the voltage across the capacitor 13 from V5 to 
V1. 
Another example of similar oscillator circuits is illus 

trated in FIG. 10. In this ?gure, MOSFET’s Q2“ and 
Q22; are output transistors according to the present 
invention, and an oscillator circuit 24 is an oscillator 
circuit whese oscillation period is proportional to the 
time required for discharging a capacitor 23 by means 
of an external current source (in this instance, the MOS 
FET’s Q34 and QZH). One example of such an oscilla 
tor circuit constructed by MOSFET’s is illustrated in 
FIG. 11, in which MOSFET’s Q30, Q31, Q35 and Q39 are 
enhancement type MOSFET’s and MOSFET’s Q37 and 
Q33 are depletion type MOSFET’s. 
As described above, according to the present inven 

MOSFET’s can be obtained through a relatively simple 
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method, and so, the invention has a great effect in the 
case where it is desired to derive a difference current as 
in the case where a linear voltage-current characteristic 
is desired to realize in a MOSFET circuit. 
Now more detailed description will be made on the 

circuit construction of the active load as used in the 
preferred embodiment illustrated in FIG. 6. 

Heretofore, in a linear integrated circuit employing 
MOSFET’s, a circuit having a common current source 
similar to that used in an integrated circuit of bipolar 
transistors has been used as a differential ampli?er cir 
cuit. One typical example of such a known circuit in the 
prior art is illustrated in FIG. 12. 

In FIG. 12, when voltage variations in the same di 
rections are applied to input terminals 86 and 87, that is, 
upon applying the so-called in-phase input, a current 
flowing through a ?rst branch including MOSFET’s 
Q31 and Q83 and a current ?owing through a second 
branch including MOSFET’s Q32 and Q84 are equal to 
each other. Moreover, the sum of these currents is con 
stant owing to the action of MOSFET Q35, so that the 
currents ?owing through the respective branches 
would not change, and accordingly voltages at output 
terminals 88 and 89 would not change. Whereas, when 
voltage variations in the opposite directions are applied 
to the input terminals 86 and 87, that is, upon applying 
the so-called differential input, the current flowing 
through the ?rst branch including the MOSFET’s Q31 
and Q33 and the current flowing through the second 
branch including the MOSFET’s Q32 and Q34 are sub 
jected to variations in the opposite directions to each 
other, so that a difference would be produced between 
the respective currents, though the sum of the respec 
tive currents is held constant owing to the action of the 
MOSFET Q35, and the difference is observed as a volt 
age difference between output terminals 88 and 89 by 

v the actions of the load elements Q33 and Q34. As de 
scribed above, the circuit shown in FIG. 12 would not 
produce any change in the output in response to an 
in-phase component of the input, but it would amplify 
only a differential component of the input. 
As described above, in order for the heretofore 

known circuit shown in FIG. 12 to operate as a differen 
tial ampli?er, it is necessary that a constant current 
?ows through the drain-source path of the MOSFET 
Q35, and in order that the constant current ?ows inde 
pendently of the voltage at the junction 93, the MOS 
FET Q35 must be held in a saturation region. To that 
end, representing the threshold voltage of the MOS 
FET Q35 by V735, the bias voltage applied to the gate 
electrode of the MOSFET Q35 by V B and the voltage at 
the junction 93 by V93, it is only ncessary to ful?l the 
following relation: 

Accordingly, representing the voltage of the second 
voltage source by V55, the voltage V93 can be lowered 
to the proximity of the voltage Vss by selecting the bias 
voltage VB at a value that is only a little larger than 
V5S+V735. However, as the bias voltage VB is lowered 
for the above-mentioned purpose, the current ampli?ca 
tion factor of the MOSFET Q85 must be increased by 
the corresponding amount, this means to increase the 
channel width of the MOSFET Q35, and consequently, 
the geometrical dimensions of the MOSFET Q35 are 
increased. Because of this increase of the geometrical 
dimensions, in practice, the bias voltage V]; can be low 
ered only to the extent of about V55+2V735, and ac 
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cordingly, the voltage V92.-can be lowered only to the 
extent of about vss+vm Since the voltages applied 
to the input terminals 86 and 87, respectively, must be 
higher than the voltage V93 at least by the common 
threshold voltage VT of the MOSFET’s Q81 and Q32, 
the lower limit of the allowable in-phase input voltages 
to the differential ampli?er circuit shown in FIG. 12 is 
at most equal to the following value: 

Since V735 is normally equal to the common threshold 
voltage VT, the in-phase input voltages in this instance 
cannot be chosen lower than the value that is higher 
than the voltage Vss of the second voltage source by 
about twice the threshold voltage VT. 
However, recently in a MOSFET integrated circuit 

the demand for lowering the power supply voltage has 
been remarkable. Therefore, with the aforementioned 
fact that in the heretofore known circuit shown in FIG. 
12 the lower limit of the in-phase input must take a value 
that is higher than the second power supply voltage 
Vss by about twice the threshold voltage of the en 
hancement type MOSFET, there‘is a big shortcoming 
that lowering of the power supply voltage is restricted 
in view of the necessity of obtaining a sufficiently large 
in-phase input region. 7 
The concept of the previously discussed active load 

which has been proposed according to the present in 
vention, can be expanded to a differential ampli?er 
having a novel circuit arrangement which has a broader 
gin-phase input voltage range than the known differential 
ampli?ers in the prior art. One example of improved 
differential ampli?ers according to the present inven 
tion will now be described. 

In FIG. 13, MOSFET’s Q93 and Q94 are MOSFET’s 
prepared so as to have manually matched electric char 
acteristics, the source electrode of the MOSFET Q93 is 
connected to a ?rst output terminal 88, and the source 
electrode of the MOSFET Q94 is connected to a second 
output terminal 89. The respective drain electrodes are 
both connected to a ?rst voltage source 80 having a 
voltage VDD, and the respective gate electrodes are 
both connected to an output of an ampli?er 97. MOS 
FET’s 81 and 82 are also MOSFET’s prepared so as to 
have mutually matched electric characteristics. The 
drain electrode of the MOSFET Q31 is connected to the 
?rst output terminal 89, its gate electrode is connected 
to a ?rst input terminal 86 and its source electrode is 
connected to a second voltage source 91. The drain 
electrode of the MOSFET Q32 is connected to the sec 
ond output terminal 89, its gate electrode is connected 
to a second input terminal 87 and its source electrode is 
connected to the second voltage source 91. The ampli 
?er 97 inverts and ampli?es the sum of the output volt 
age at the ?fst output terminal 88 and the output voltage 
at the second output terminal 89, and applies the ampli 
?ed voltage to the gates of the MOSFET’s Q93 to Q94, 
respectively. 
Now the operation of the preferred embodiment 

shown in FIG. 13 will be described. The voltage varia 
tions in the same direction generated at the output ter 
minals 88 and 89 are inversely ampli?ed by the ampli?er 
97, and the output of the ampli?er 97 is applied to the 
gates of the MOSFET’s Q93 and Q94. The voltage ap 
plied to the gate electrodes of the MOSFET’s Q93 and 
Q94 in this way acts upon these MOSFET’s in the direc 
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tion for offsetting the voltage variations originally gen 
erated at the output terminals 88 and 89. Under the ideal 
condition that the absolute value of the gain of the 
ampli?er 97 is in?nite, the voltage variations in the same 

_ direction generated at the output terminals 88 and 89 
are perfectly offset, and consequently; no voltage varia 
tion occurs at the output terminals 88 and 89. On the 
other hand, the voltage variations having the same mag 
nitude and opposite directions generated at the output 
terminals 88 and 89 would not in?uence the output of 
the ampli?er 97 because the sum of the voltage varia 
tions is zero, and hence the voltage variations would not 
be offset. Voltage variations in the same direction ap 
plied to the input terminals 86 and 87,, that is, the so 
called in-phase input voltages art to generate voltage 
variations in the same direction at the output terminals 
88 and 89, and therefore, in this case the voltages at the 
output terminals 88 and 89 would not be altered by the 
action of the ampli?er 97, as described above. On the 
other hand, voltage variations in the opposite directions 
applied to the input terminals 86 and 87, that is, the 
so-called differential input voltages act to generate volt 
age variations in the opposite directions at the output 
terminals 88 and 89, and hence these voltage variations 
would not be offset as described above. As discussed 
above, the illustrated circuit is provided with desired 
characteristics as a differential ampli?er circuit which 
ampli?es only a differential input without generating 
any variation at the outputs in response to an in-phase 
input. 

Considering now the limit of the in-phase input volt 
ages for sustaining the operation of the illustrated differ 
ential ampli?er when the in-phase input voltages are 
made to approach the voltage of the second voltage 
source 91 in the preferred embodiment shown in FIG. 
13, the differential ampli?er is operable until the MOS 
FET Q31 or Q32 becomes cut off, and accordingly, the 
differential ampli?er can operate until the in-phase 
input voltages reach the voltage that is higher in N 
channel elements or lower in P~channel elements than 
the voltage of the second voltage source 91 by the 
threshold voltage of the MOSFET’s Q81 and Q32. Re 
calling now the fact that in the heretofore known differ 
ential ampli?er illustrated in FIG. 12 the in-phase input 
voltages were allowed to approach the voltage of the 
second voltage source 91 only as close as about twice 
the threshold voltage of the MOSFET’s, the advantage 
obtained by the preferred embodiment of the present 
invention illustrated in FIG. 13 will be quite obvious. 

In the circuit shown in FIG. 13, even if MOSFET’s, 
resistor elements or other elements for adjusting a fre 
quency response are disposed between the drain elec 
trode of the MOSFET Q93 and the ?rst voltage source 
80 and between the drain electrode of the MOSFET 
Q94 and the ?rst voltage source 80, or between the drain 
electrode of the MOSFET Q31 and the output terminal 
88 and between the drain electrode of the MOSFET 
Q32 and the output terminal 89, and the respective loca 
tions are connected via'these elements, so long as they 
are conductively communicated with respect to DC. 
currents, these connections would not interfere with the 
effect of the present invention. However, it is not favor 
able to connect resistor elements or other elements 
between the source electrodes of the MOSFET’s Q31 
and Q32, respectively, and the second voltage source 91, 
because the allowable range of the in-phase input is 
narrowed by the amount equal to the voltages appear 
ing across these connected elements. In addition, it must 
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be carefully done to connect other elements between 
the source electrode of the MOSFET Q93 and the out 
put terminal 88 and between the source electrode of the 
MOSFET Q94 and the output terminal 89, because 
sometimes the variations at the output of the ampli?er 
97 would be hardly re?ected to the voltage variations at 
the output terminals, and in the case where the gain of 
the ampli?er 97 is ?nite, the variations of the outputs in 
response to an in-phase input could not be suf?ciently 
suppressed. 
FIG. 14 shows a more detailed circut arrangement of 

the embodiment illustrated in FIG. 13. The circuitry 
consisting of MOSFET’s Q1o1, Qioz, Qios, Q104 and 
Q105 in FIG. 14 is one example of a practical circuit 
arrangement of the ampli?er 97 in FIG. 13. The MOS 
FET’s Qlm and Q10; are MOSFET’s prepared so as to 
have mutually matched electric characteristics, their 
respective drain electrodes are both connected to the 
?rst voltage source' 80, their respective source elec 
trodes are both connected to a junction 46, and their 
gate electrodes are respectively connected to a ?rst 
output terminal 88 and a second output terminal 89. The 
drain electrode of the MOSFET Q10; is connected to 
the junction 46, its source electrode is connected to the 
second voltage source 91, and its gate electrode 47 is 
applied with a bias voltage. The gate electrode of the 
MOSFET Q104 is connected to the junction 46, and the 
source electrode thereof is connected to the second 
voltage source 91. The MOSFET Q1Q5 is a load ele 
ment, its drain electrode is connected to the ?rst voltage 
source 80, and its source electrode and gate electrode 
are connected to the drain electrode of the MOSFET 
Q104 and also connected to the gate electrodes of the 
MOSFET’s Q93 and Q94. The circuitry consisting of the 
MOSFET’s Qlm, Q10; and Q1o3 form a source-follower 
circuit which responds the sum of the voltage variations 
applied to the gate electrodes of the MOSFET’s Qlm 
and Q102, respectively, to derive an output at the junc 
tion 46, and the above-referred sum of the voltage varia 
tions is transmitted to the subsequent stage as a voltage 
variation at the junction 46. The MOSFET’s Q104 and 
Q105 form a so-called inverter, which inverts and ampli 
?es the voltage variation at the junction 46 and applies 
the invertedly voltage change to the gate electrodes of 
the MOSFET’s Q93 and Q94. Accordingly, the circuitry 
consisting of the MOSFET’s Q101, Qwz, Q103, Q104 and 
Q105 can achieve the desired ampli?er operation. 
As described in detail above, according to the present 

invention there is provided a differential ampli?er cir 
cuit which has a broader in-phase input voltage range 
that the differential ampli?ers in the prior art, and espe 
cially, the present invention can provide a great advan 
tage upon lowering the power supply voltage. 

I claim: 
1. A transistor circuit comprising a ?rst voltage ter 

minal, a second voltage terminal, a ?rst series circuit 
including a ?rst load element and a ?rst ?eld effect 
transistor connected in series between said ?rst voltage 
terminal and said second voltage terminal, a second 
series circuit including a second load element and a 
parallel circuit of second and third ?eld effect transis 
tors connected in series between said ?rst voltage termi 
nal and said second voltage terminal, a fourth ?eld 
effect transistor, means for connecting one of a source 
and a drain of said fourth transistor to said second volt 
age terminal, an ampli?er having a ?rst input terminal, 

' a second input terminal and output terminal, said ampli 
?er changing an output voltage at said output terminal 
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in response to a voltage in said ?rst input terminal with 
opposite phase relation and to a voltage in said second 
input terminal with in-phase relation, means for con 
necting an intermediary junction of said ?rst series cir 
cuit to said ?rst input terminal, means for connecting an 
intermediary junction of said second series circuit to 
said second input terminal, means for connecting said 
output terminal to gates of said third and fourth transis 
tors and means for supplying gates of said ?rst and 
second transistors with an input voltage, a current out 
put terminal, and means for connecting said current 
output terminal to the other of said source and drain of 
said fourth transistor. 

2. The circuit according to claim 1, in which a thresh 
old voltage of said ?rst transistor is different from that 
of said second transistor. 

3. The circuit according to claim 1, in which a cur 
rent ampli?cation factor of said ?rst transistor is larger 
than that of said second transistor. 

4. The circuit according to claim 1, in which said ?rst 
and second load element includes ?fth and sixth ?eld 
effect transistors. 

5. The circuit according to claim 4, further compris 
ing an inverting ampli?er for producing an inverted 
signal of the sum of the voltages at said intermediary 
junctions of said ?rst and second series cicruits, and 
means for supplying said gates of said ?fth and sixth 
transistors with said inverted signal. 

6. A transistor circuit comprising a ?rst voltage ter 
minal, a second voltage terminal, a ?rst series circuit 
including ?rst and second ?eld effect transistors con 
nected in series and between said ?rst and second volt 
age terminals, a second series circuit including third and 
fourth ?eld effect transistors connected in series and 
between said ?rst and second voltage terminals, an 
inverting ampli?er producing an inverted signal of the 
sum of voltages of intermediary junctions of said ?rst 
and second series circuits, means for supplying gates of 
said ?rst and third transistors with said inverted signal, 
means for supplying gates of said second and fourth 
transistors with an input signal in a differential manner, 
a ?rst output terminal, a second output terminal, means 
for connecting said ?rst output terminal to the interme 
diary junction of said ?rst series circuit, and means for 
connecting said second output terminal to the interme 
diary junction of said second series circuit. 

7. A linear voltage-current converter comprising a 
?rst load element, a second load element having the 
same current capacity as said ?rst load element, a ?rst 
?eld effect transistor connected so as to form a ?rst 

20 

30 

35 

40 

45 

50 

55 

65 

14 
series circuit with said ?rst load element, second and 
third ?eld effect transistors connected in parallel and 
forming a second series circuit with said second load 
element, ?rst and second voltage terminals, means for 
connecting said ?rst series circuit between said ?rst and 
second voltage terminals, means for connecting said 
second series circuit between said ?rst and second volt 
age terminals, a current ampli?cation factor of said 
second transistor being smaller than that of said ?rst 
?eld effect transistor, means for supplying gates of said 

‘ ?rst and second transistors with input voltage, means 
responsive to a voltage difference between intermedi 
ary junctions of said ?rst series circuit and second series 
circuit for controlling a voltage at the gate of said third 
transistor so as to reduce said voltage difference to zero, 
a fourth ?eld effect transistor, a current output terminal 
connected to one of a drain and a source of said fourth 
transistor, and means for supplying a gate of said fourth 
transistor with the same voltage as that at the gate of 
said third transistor, whereby a current having an 
amount in proportion to the amount of said input volt 
age is derived from said current output terminal. 

8. A transistor circuit comprising ?rst, second and 
third ?eld effect transistors, each of said transistors 
having a source-drain current path and a gate for con 
trolling the amount of current of said source-drain cur 
rent path thereof, ?rst and second voltage terminals, 
means for connecting the source-drain current path of 
said ?rst transistor between said ?rst and second volt 
age terminals, means for connecting the source-drain 
current paths of said second and third transistors in 
parallel between said ?rst and second voltage terminals, 
means for supplying the gate of said ?rst transistor with 
a control signal for controlling the amount of current 
?owing through the source-drain current path thereof, 
means for supplying the gate of said second transistor 
with a control signal for controlling the amount of cur 
rent ?owing through the source-drain current path 
thereof, ?rst means for detecting value of current ?ow 
ing through the source-drain current path of said ?rst 
transistor, second means for detecting value of current 
?owing through the source-drain current path of said 
second transistor, and means responsive to outputs of 
said ?rst means and said second means for controlling 
current ?owing through the source-drain current path 
of said third transistor so as to make the sum of current 
values ?owing through said second and third transistors 
close to the current value ?owing through said ?rst 
transistor. 

It * Ill * it 
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